Abstract-This paper introduces a system engineering tool for the optimisation of a generic GNSS constellation design by using Galileo as reference. The optimisation is performed by taking into account both the percentage of global coverage and the accuracy in the position determination. The tool executes the optimisation not only for nominal and ideal cases, but also for off-nominal configurations involving catastrophic or transient failures of the constellation satellites. The analysis of the GNSS robustness to failures changes considerably the number of satellites to be used per plane with respect to the original configuration designed in nominal conditions.
I. INTRODUCTION
The use of GNSS systems is becoming one of the most adopted solutions not only for Earth navigation missions but also for Earth observations of the atmosphere by using remote sensing techniques (for instance, the study of the ionosphere Total Electron Content [1] and the global ocean altimetry [2] ). A GNSS is a complex system which consists of 3 main parts:
• The space segment, a group of navigation satellites in orbit around the Earth placed in a precise orbit positioning according to a strategy to get a minimum requirement of global coverage.
• The ground segment, responsible for managing the constellation of navigation satellites, controlling core functions of the navigation missions as well as determining and disseminating the integrity information.
• The user segment, a receiver converting the navigation signal of the satellites in position and velocity at a specific time.
GNSS systems offer positioning services with a high level of availability (more than 99.5%). These applications arouse interest for all the fields where the precise positioning is required. Indeed, in the last years GNSS systems are focusing on the transportation sector to increase the security of the payload on board. The consequence is the fulfilment of tight requirements about the global coverage and the accuracy on the position determination. The only international entity providing the requirements for the GNSS systems up to now is the ICAO (International Civil Aviation Organisation) but in the next years also the rail and maritime organisations will take part in the program. For these reasons it is important to provide a method to optimise the GNSS design to achieve the highest performance. In this field, Sünderhauf et al. [3] developed a method to optimise them by mitigating the multipath effect and ensuring a better localisation of a generic user in the big cities where the multipath phenomenon is more present. Another way to look at the problem is to focus on the ground segment, as Coulot et al. [4] state in their article where an optimisation of the reference stations network is performed to have a better communication with the space segment. It is important to take into account also the interactions of the navigation signal with the atmosphere and this is what Pan et al. [5] focus on by optimising the positioning performance in harsh environments considering a double-difference (DD) model as solution to the problem.
Ashkenazi et al. [6] introduces the basic theoretical principles of the design of optimal satellite orbits in terms of satellite availability, coverage, accuracy and integrity. Instead, Tadic et al. [7] describes the design of software tools for GNSS performance analysis and signal propagation simulation builtin a web portal comparing the results with existing GNSS performance analysis tool (GISMO, EUROMON) and GNSS propagator simulators (WinProp, NavTK, Polaris).
In all the previous papers, an optimisation of the GNSS performance is carried out improving some specific aspects. To the best of our knowledge, a computer-aided approach (including also failure scenarios) for the overall design of the GNSS space segment in terms of number of satellites and their configuration is new in the literature. This paper introduces a GNSS tool that can be exploited for the optimisation of the constellation configuration not only considering a nominal behaviour, but also in presence of catastrophic [8] (the satellite cannot be recovered unless it is replaced by another one) or recoverable failures. The analysis of the GNSS robustness to failures results in the number of operative satellites and spare satellites per plane satisfying the requirements about the global coverage and accuracy in the position determination. The paper is organised as follows. In this section an overview about GNSS systems and their design optimisation is presented. In section II the GNSS tool is described together with its embedded models. Section III introduces some examples of usage to validate the tool by using Galileo as reference, while section IV shows the outcome of the optimisation. Finally, section V concludes the paper.
II. GNSS TOOL FUNCTIONAL MODEL
This section describes the architecture of the tool starting from the functional decomposition up to the basic models embedded in the tool in order to understand how it works. Hence, the tool is named G-CAT which stands for GNSS Coverage Analysis Tool. G-CAT consists of three main blocks as shown in Fig. 1 : the space segment, the coverage part and the interaction with the atmosphere. 
A. Space Segment
The space segment block models the GNSS constellation and in particular the in-orbit satellites both from an orbital and attitude point of view. This block consists of an orbit propagator which must take as input the initial conditions of the GNSS constellation given in terms of orbital elements, and an attitude propagator for calculating the attitude of the spacecraft and in particular way the line of sight of the navigation antenna. Then, all the functions computing the instantaneous access area, which is the locus of points in view of a satellite at a particular instant from a given position, are part of this block. It must be underlined that the propagation of the satellites' orbits is decoupled from the attitude. Therefore, for the orbit propagation, each satellite is assumed to be a dot mass coincident with its centre of mass. The computation of the instantaneous access area, conversely, can couple the orbit and the attitude data.
B. Signal in Space Path
The second main block is related to the interaction of the navigation signal with the atmosphere. All the functions implemented in this block are not sufficiently accurate. However, they represent first-order methods to model both the troposphere and the ionosphere. Indeed, whenever an electromagnetic wave propagates through the atmosphere there is the presence of refraction, scintillation and multipath. Only refraction is considered in G-CAT. Multipath is the reception of the same signal sent at an earlier time instant caused by the ground reflection of that signal. In order to better represent all the interactions, statistics must be introduced. Therefore, G-CAT gives as output some figures about the tropospheric and ionospheric delay together with the link budget starting from the properties of the navigation signal.
C. Earth Coverage Analysis
The third block is related to the coverage analysis which gives as output the performance of the GNSS. It consists of all the functions that take as input the instantaneous access area of each satellite of the GNSS constellation and count for each point on the Earth the number of satellites in view. G-CAT gives the possibility to compute the instantaneous access area modelling the Earth's shape both as a sphere and an oblate ellipsoid of rotation according to the WGS-84 (World Geodetic System 1984) representation [9] . From the number of satellites in view for each point on the Earth's surface, three coverage indices are identified to measure the performance of the GNSS system:
• "Red coverage index", percentage of Earth's surface in view of less than 4 satellites.
• "Yellow coverage index", percentage of Earth's surface in view of exactly 4 satellites.
• "Green coverage index", percentage of Earth's surface in view of more than 4 satellites. The previous indices have been defined taking into account that 4 measurements of the satellite-receiver distance are the minimum number in order to get the position of the receiver's location. 
III. G-CAT VALIDATION, FEATURES AND USAGE
This section describes briefly the features of the G-CAT tool starting from the user-friendly graphical interface shown in Fig. 2 . In particular, some test cases are presented to show the outputs and the results offered by the tool.
The first case considers the nominal case of Galileo constellation to validate that the tool computes correctly its global coverage. The second case introduces the presence of a catastrophic failure to verify the behaviour of the constellation and, finally, a third case underlines the difference with respect to the previous case when another pointing is analysed.
A. Nominal Case
Galileo is a 24/3/1 Walker Delta pattern constellation [10] . This means that there are 24 satellites distributed in 3 equally spaced planes, 8 satellites for each plane spaced of 45
• and a phasing angle between two adjacent planes of 15
• . After inserting the orbital elements of the constellation, it is necessary to select the type of representation of the Earth and choose the input and the pointing.
• Ellipsoidal representation of the Earth.
• Minimum elevation angle equal to 5
• .
• Geocentric pointing. The outcome of this first test case is shown in Fig. 3 . The coverage is global and the "green index" highlights that the Earth's surface is in view of more than 4 satellites and this ensures also a high accuracy in the position determination.
B. Failure Case #1
In the second example, an off-nominal configuration is analysed. In particular, a catastrophic failure of one satellite is considered. This time the type of input chosen is the halfaperture angle and the pointing is geodetic along the local vertical.
• Half-aperture angle equal to 12 • .
• Geodetic pointing.
• #1 satellite (first satellite of the first orbital plane) fails with no possibility to be recovered and without the substitution of the spare satellite. As for this test case, the outcome is presented in terms of the critical points, that is to say the points that at least for one instant during the propagation of the constellation are totally uncovered. These critical points are underlined with red crosses as shown in Fig. 4 in such a way that the uncovered regions can be directly associated with the geographic representation. 
C. Failure Case #2
The last test case highlights the importance of considering a moving and perturbed direction for the line of sight of the navigation signal. The inputs for the analysis are the same of the previous example. The only change is in the type of pointing:
• Half-aperture angle equal to 12
• Perturbed pointing for all the satellites.
• #1 Satellite fails. Even if the result in terms of global coverage index is similar to the one obtained for the geodetic pointing, the situation changes if the map of the critical points is examined. The orange circles in Fig. 5 show the differences with respect to the previous case. There are some points in the perturbed case that are not present in the geodetic case and the other way around. So, even if from a global coverage percentage point of view the situation is almost the same, the covered and uncovered regions change. Moreover, the moving line of sight is a better representation than the simple fixed direction since the attitude perturbations are always acting on the spacecraft.
IV. OPTIMISATION PROCESS APPLIED TO GALILEO CONSTELLATION
This section is devoted to the computation of the optimal configuration for the Galileo constellation design keeping fixed the number of planes in which the different satellites can be distributed. Such optimisation procedure can be performed by processing the different configuration scenarios with G-CAT, storing the results obtained and, finally, creating a plot with the data stored. First, it is necessary to analyse which are the configurations for the constellation granting a global coverage at least in the nominal case since it is a requirement that must be satisfied in any case. In Fig. 6 this problem is analysed for 7 types of configurations. Each big dot in the plot represents a scenario analysed. On the abscissa axis the parameter θ represents the spacing between the satellites within the same orbital plane and so it uniquely identifies the number of total satellites of the constellation (from 4 satellites to 10 satellites for each plane). The surprising result is that the global coverage is obtained also for geometries containing 6 or 7 satellites for each plane. Taking into account that the Galileo nominal configuration includes 8 satellites for each plane, the natural question is:
Why is the actual constellation configuration involving 8 satellites when there are other cheaper configurations giving the same result?
In order to answer to this question, the off-nominal behaviour of the different configurations must be studied. In particular, 3 particular failure scenarios have been selected:
• Failure case 1: complete loss of #1 satellite of the first plane.
• Failure case 2: complete loss of #1 satellite of the first plane and #2 satellite of the second plane.
• Failure case 3: mix of recoverable failures affecting #1
and #2 satellites of the first plane, #3 satellite of the second plane and #2 satellite of the third orbital plane. The two parameters to be optimised are the global coverage index and the green coverage index.
A. Global Coverage Optimisation
The first parameter analysed is the global coverage representing the sum of the yellow and green coverage indices. The results of the global coverage optimisation are shown in Fig.  7 where on the x-axis the spacing between the satellites in the same orbital plane is shown, while on the y-axis there is the global coverage index associated for one revolution of the constellation. It is clear that the higher the number of satellites for each plane is, the higher the robustness to these failures is. In particular, the constellation seems to be robust up to a value of θ = 51.43
• corresponding to 7 satellites for each plane since the value of the global coverage index is near the maximum and starting from the a configuration involving 6 satellites for each plane, the decreasing slope becomes quite high.
B. Accuracy Optimisation
The other variable to be optimised is the green coverage index identifying the number of points on the Earth's surface in view of more than 4 satellites. Indeed, even if the minimum number of satellites to compute the position of a generic user is 4, this does not imply that the result is good. The higher the number of measurements is, the better the accuracy and precision for user position can be achieved. Since the precision requirements for a GNSS are very tight (in the order of meters) this parameter cannot be neglected. In Fig. 8 it is clear that the best configuration between 7 and 8 satellites for each plane is the latter since the slope of the green index becomes relevant starting from the geometry involving 7 satellites for each plane. For a GNSS constellation like Galileo, where the coverage must be global and the accuracy of the user position is very high, the only possibility is to use at least a configuration with 8 satellites for each plane which is the actual one. The surprising result is that Galileo original nominal configuration involved 9 operating satellites for each orbital plane. Therefore, the reduction in the nominal condition from 9 satellites to 8 satellites for each plane seems to be a good choice because the coverage performance is not so affected from one side while the cost of the project considerably decreases.
V. CONCLUSIONS AND FUTURE WORK
In this paper a system engineering tool for the optimisation of a generic GNSS design is presented. The tool uses as input a given configuration in terms of orbital planes and takes into account as parameters for the optimisation the global coverage percentage of the GNSS constellation and the accuracy of the position determination both in nominal conditions and in presence of catastrophic or recoverable failures. The optimisation procedure has been validated by considering the Galileo constellation as well as its design evolution and history.
As for future work, the G-CAT tool can be empowered by including in the optimisation process the number of the orbital planes where the satellites are to be placed. This way, we can set up the constellation geometry fulfilling the global coverage and accuracy requirements in both nominal and offnominal conditions and thoroughly support the design of the space mission.
